
AD-A0e2 552 HUGHES RESEARCH LABS MALIBU CA F/G 20/12
OPTICAL-MICROWAVE INTERACTIONS IN SEMICONDUCTOR DEVICES.dU)
FEB 80 L FIGUEROA, C SLAYMAN. H W YEN N0OI73-76-C-0192

UNCLASSIFIED L



11111112.2
u II2.0

11111-6251
1.511111_L.4 l1.



(_LEVEL9
0 / O(PTICAL-ICROWAVE INTERACTIONS

/ IN SEMICONDUCTOR DEVICES. "
00 -4 .. .. ........- ,

SL. FigueroaiC. .layman H.W /Yen

Lughes Research Laboratories

3011 Malibu Canyon Road

Malibu, CA 90265

Feb - )/

For perioi 1 Oct Um-m. W 31 D S 79/

Approved for public release; distribution unlimited.

Sponsored by

DEFENSE ADVANCED RESEARCH PROJECTS AGENCY

1400 Wilson Boulevard

Arlington, VA 22209 D T IC
ELECTE

Prepared for MAR 3 1 1980

NAVAL RESEARCH LABORATORY

4555 Overlook Avenue, S.W. B
Washington, DC 20375

80 3 27 024
The views and conclusions r:ontained ut this document are those of the
.giuthof.v and .houlti riot he interrrivyd as necesarilV reprP.senti?g the

4e ,V. oilie yil polii.', eithit vAml sse.r/ ti nilplwtl of the LA'fmse Advance /
5RJ Hesearch Prolects Agency or the U.S. Governitent.



UNCLASS IFITED
SCCURITY CLASSIFICATION OF T041S PAGIE (When Dole Sneered)___________________

REPORT DOCMENTATION PAGE BEFORE COMPLETI FORM
1. REORT 1401111111. GOVT ACCESSION NO. S. RECIPIENT'S CATALOG NUMBER

4. TITLE (and S.btifife) C TYPE or REPORT 0 PERIOD 9'VEXED

)prrI CAL-MI1CROWAVE I NTERACTI ONS IN Quarterly Report 6f

SEMICONDUCTOR DEV ICES 1 Oct. 1979 - 31 Dec 1979
6. PERFtORMING ORG. REPORT NUMBER

7. AUTNOR(a) 6. CONTRACT OR GRANT NUMSER(s)f L. Figueroa, C. Slayman, and H.W. Yen N0017 3-78-C-0l92~

9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT. TASK

Hughes Research Laboratories AE OKUI UBR

3011 Malibu Canyon Road
II.CONROLiG OFFICE NAME AND ADDRESS 12. REPORT DATE

Defense Advanced Research Projects Agency February 1980
1400 Wilson Blvd. 13 NUMRER OF PASES

Ariff:o VA 99201 2
IA. MNTRN AGENCY NAME A ADDRESSaI 0,rk"cnr fr,',, Off-''I,.l li ) IS SECURITY CLASS. cotf hts report)

Naval Research Laboratory UNCLASSIFIED
4555 Overlook Ave., S.W.

WashingtonI5 DC237 EoCLASSIFICATION DOWNGR4ADING

SCHEDULE

16. OISTRISUTION STATEMENT (ot fhi R.tri

Approved for public release; distribution unlimited.

I7. DISTRIBUTION STATEMENT (of th, *b.,,-cr 111-t~ n 3,& V ~f,., I-,, AcP-',e

10. SUPPLEMENTARY NOTES

It. KEY WORDS (Continue on reverse side it ne.1ri, anLd Piletitv t,, block ft-fi.,)

GaAs FETs, GaAs FET detector, High-frequency response, Liquid phase
epitaxial crystal growth, Optical waveguide, Photoconductivity,
Traps.

1ABSTRACT (Contirniv an, reverse side If neceaa..3. mAd Identify' 4. block t,,mhr)

GaAs FETs with built-in optical waveguides are being developed. The
purpose is to allow optical signals to be coupled into the active
regin of the devices efficiently. These FETs will he useful for

c'.) ICI I n? x 11 g, 4)1) .1 jI:1 InJvc t i on locIk Ing, a nd optLic I (I det ecIt i oi

DD I 4)1473 EDITION OF I NOV IS IS OBSOLETE UNCLASSTIED

SECURITY CLASSIFICATION OF YNIS PAGE fW10.te E nterp"



UNCLASSIFIED
SECURITY CLASSIFICATION Of' THIS PAGE(Whon 0.te E..Iet.d)

We have designed, fabricated, and characterized a novel FET configuration.
The structure consists of three layers: a GaAs active layer, a
Gao. 6Alo.4As waveguide layer, and a Gao. 55A10. 4 5As buffer layer. The
waveguide layer is made into a strip-loaded channel waveguide which
serves as the input port for the optical signal. The guided optical
signal leaks into the GaAs active layer once it reaches the FET mesa
structure and is absorbed. The sensitivity and frequency response of
the FET detector have been characterized. Our measurements indicate that
the FET can respond to frequencies beyond 4 GHz with a sensitivity below
that of a commercial PIN detector, The mode of operation for our detector

appears to be photoconductivity. At dc, the sensitivity can be as high
as 40 mA/mW. This large value probably indicates the presence of a
large trap density.

wen" fff 00
No$a White so ke

)USltIFICTIONl

Dkrn AVAL etU

UNCLASSIFIED

S. CURITV r L AWir I( ATION Of ?qIS PAGF.W eft flata F'.n.lclvd



TABLE OF CONTENTS

SECTION PAGE

LIST OF ILLUSTRATIONS...................4

1 INTRODUCTION AND SUMARY.....................5

2 DEVICE FABRICATION AND CHARACTERIZATION...........6

3 CALCULATION OF THE DC AND RF SENSITIVITIES.......18

4 PLANS FOR THE NEXT QUARTER..................24

REFERENCES............................25

3



LIST OF ILLUSTRATIONS

FIGURE PAGE

I FET waveguide detector ....... ............... 7

2 Drain-source current versus drain-source

voltage ......... ..................... 8

3 Drain-source characteristics with light

injection ....... . .9 ..........

4 (a) Frequency response of FET detector ......... 

(b) Circuits used for characterizing GaAs FET
waveguide detector ..... ............... 1

Frequency response of FET detector using a
different stripline circuit .... ........... 12

6 Detected current Al' (f = 1.1 GHz) versus

drain source voltage DS DS..... ............. . 13

7 I)etected current AT versus gate voltage VG  .... 14

8 Detected current All (f = 1.1 GHz) versus
gate voltage VG  *..... ................ 15

9 Detected gate current Al' (f = 1.1 GHz)
DS

versus gate voltage VG ..... .............. 17

10 Comparison of FET and APD at GHz frequency
(f = 1.1 CHz) ........ ................. 17

11 Schematic of total FET frequency response . ...... 20



SECTION 1

INTRODUCTION AND SUMMARY

The ability to control the frequency and phase of solid-state microwave

oscillators by optical injection of modulated light will allow optical fiber

waveguides to replace heavy metallic waveguides in many microwave com-

munication and radar applications. To achieve this will require

microwave-modulated optical sources and a new class of microwave devices

capable of interact-ing strongly with modulated optical signals.

The purpose of this study is to develop unique hybrid optical-

miicrowoave devices with optimal optical-microwave interaction charac-

teristics. Specifically, we are developing GaAs FETs and GaAs Gunn

diodes with built-in optical waveguides so that optical signals can be

coupled to tile active region of the device efficiently. The FETs will

bet used for optical mixing, optical injection locking, and optical detec-

t ion purposes. The Gunn diodes will be used for high-speed pulse modu-

lation of injection lasers.

During this quarter, we continued with the fabrication and charac-

terization of GaAs waveguide FET detectors. The structure of these

detectors consists of three layers: the GaAs top layer, the Ga 6Al 4As

waveguide layer, and the Ga 0.55Al .45As buffer layer. The waveguide

is made into a strip-loaded channel guide and serves as the input port

for the optical signal. Once it reaches the FET mesa structure, the

guided optical signal will leak into the GaAs layer and be absorbed.

We have measured the dc and rf sensitivities, variation of rf drain-

source current with drain source, and gate voltage. We have also

compared the FET detector to a Si avalanche diode (APD) and calculated the

dependence of detected current on device parameters. Our measurements

indicate that the FET can respond to frequencies beyond 4 GHz with a sensi-

tivity \i0 dB below that of an avalanche diode detector. At dc, the

sensitivity can be as high as 40 mA/mW. That the sensitivity is so high

probably Indicates a large trap density.
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SECTION 2

DEVICE FABRICATION AND CHARACTERIZATION

In the last quarterly report, we described the fabrication process

for the FET detectors. We have continued using the same fabrication

procedure with the exception of the following changes. First, drain

source spacing was increased to 15 tjm from 10 om and active region

thickness was reduced to 0.2 Wm from 0.5 jim. The first change was made

to simplify the processing and hence increase the yield of good devices.

The second change was made to produce devices with low pinchoff voltages

(i.e., V 2 to 5 V). Figure 1 shows a top view and cross section ofP

th' wavegu ide FET.

Figure 2 gives typical I Ds-V characteristics. Figure 2(a) shows

IDS versus VDS for most of the devices from a wafer. The devices have a

peak IDS of 17 mA and a pinchoff voltage Vp of 'Q V. However, since our

Schottky gate breaks down at 1-5 to 6 V, the devices cannot be completely

pinched off. Figure 2(b) shows the characteristics for some of the best

devices from the same wafer. In this case, IDS 2.5 mA and V 2.5 to

3 V. We are almost able to pinch off the device. The incomplete pinch-

off is probably due to leakage current in the (CaAl)As layers.

We have measured the de and rf optical sensitivities of the FET

detector. At dc, the sensitivity has a lower limit of0'U to 12 mA/mW.

The large dc sensitivity is probably related to traps in the active

region or at the various interfaces. Typical drain-source character-

istics with and without illumination are shown in Figure 3. The rf

optical sensitivity is '-0.06 mA/mW at f = 1.1 GHz. The devices used in

this report were only sensitive to rf-modulated light when top illumina-

tion was used. Even though no rf optical response was observed from

the side, we did observe a large dc response. We do not yet fully

understand these observations. Three possibilities exist. First, the

thickness of the active region may be too thin to support an optical

mode since the %7aveguide is strongly asymmetric. Second, the lateral

confinement may be poor. which would cause the light to spread rapidly

6
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in tile lat ,ral direct ion and prevent interaction with the high field

region iinderneath tile gate. And third, it is possible that, during the

loading ol the I.PE boat , the Al concentrations were interchanged in

the, (uiaAl)As L .rs and thus there is no waveguiding in the transverse

di rect ion. However, from the results in the last quarterly report, we

know that the response of the FET is very similar in top and side illumi-

n at ion . Therefore, we feel the results presented here are representative

oi a working waveguide FET.

File rf response is shown in Figure 4(a), and the strip line circuit

used is shown in Figure 4(b). The response is measured by biasing the

injection laser at I = 1.5 1th and modulating the laser current.

Figure 4 (a) indicates a 3-dB cutoff frequency of ml .35 CHz. Figure 4(a)

|Iso shows ;il resonance ill t ht detected drain-source clirrelnt at f = .30

ltz. This resolo;lllc'e h;s been observed in all the devices tested. We

hIIv' spectl1lt ed that this may he related to the strip-line ciruit used.

To check this, we changed the values of C and C2 (shown in Figure 4(b)).

Initiallv, these capacitors were 0.1 nF. The values were changed to

10 nI. Figure 5 shows the new frequency re.ponse. Clearly, the resonance

is absent and tile response of the detector is flat tip to 4 GHz, which

is where the injection laser modulation depth has a resonance (relaxa-

tion oscillation) and then falls off. Tile cutoff frequency of the FET

is associated with carrier recombination. Thus, carrier recombination

can lead to a frequency response higher than 4 GHz. The frequency

response and rf sensitivity are discussed in more detail below.

A meastirement of the detected current A lDS (f = 1. 1 GHz) versus

VID S is shown in Figure t. The curve shows three regions of operation.

In region 1, the response is constant and corresponds to the velocity

sa turat ion. In regions 2 and 3. the detected signal decreases linearly

(except at different slopes for regions 2 and 3) with decreasing VlDS

Ihe ilF-feCts of gate bias on tile detected currents are shown in

Figures 7 and 8. Figure 7 is a plot of detected current Al DS versus

St e volt age V(,. The dashed curve results from a calciilation (di s-

utssed in the next section) based on the e(ua tions describing an FFTe

I0
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vhe agreement between theory and experiment is quite reasonable. It

appears that a relatively large pinchoff voltage must be used if the

agreement is to be good. The effect of rf optical modulation is shown

in Figure 8, when negative bias on the gate increases. It is possi-

ble to obtain a 20-dB change in the rf drain-source current for a 2.5-V

change in the gate Voltage. Also note that the rate of change for the

detected current with gate voltage is much larger at f = 1.1 (;Hz compared

to dc. Furthermore, there is no significant change in the shape of the

frequency response (except in the absolute value of detected AIls) as

negative bias on the gate increases. Figure 9 shows measured detected

gate current Al's (f = 1.1 GHz) as a function of gate voltage. The gate

signal. decreases as negative bias on the gate increases. No significant

change in the cutoff frequency is observed. All the above results are

consistent with a photoconductive mode of operation and do not show any

photo-transistor action. Sugeta and Mizushima I recently observed that

photo-transistor action is possible. However, our experiments do not

seem to contirni this.

In Figr, I i, tie r1 sensit ivit iks (d th I'ET ;and avallankhc photo-

detector (AP!I) (witi th,. ga ii equal to I) are compared. Ti1e rt :ouls itivit\'

of the PET is 1.0 to 15 dB below the APD. However, there is no assurance

that the two detectors collect the same amount of light. In fact, since

the geometry of the FET is quite different (the gate metalization inter-

feres with the incoming light and no AR coating is used), it is expected

, ,,lect less light than the API).

16
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SECTION 3

CALCULATION OF THE DC AND RF SENSITIVITIES

The calculation of the sensitivity for a photoconductor has been
2

given by DiDomenico and Svelto. The change in photocurrent due to

optical illumination is

qq AT

AI = at dc (
0

tr

where 0A is the number of photons/sec (uniform illumination is assumed).

The sensitivity can be written as

AI
oAh = o S° ~ L~ (2)

0oA-hv 0 Tr m-W,

where n is the quantum efficiency, and we have assumed hv (photon energy)

1 eV. The high-frequency response can be written as

AI(f) = nq IA ( (c20! 1/2 (3)
tr 1 + (WT)

where T and Ttr are the recombination and transit times of carriers,

respectively. The 3-dB cutoff frequency is given by

f 1 1
3dB 2 T

Thie data in Figure 5 gives f MB f 4 GHz. This leads to T f 40 psec.

This value is different than the one we observed in the last report. The

discrepancy was due to the measuring circuit, as we discussed previously

in reference to Figures 4 and 5. The relatively small value for T implies

that the recombination is primarily due to the surface. Using the value

given above for T, the rf sensitivity can be calculated. First, the

transit time of the device is calculated:

18
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=L
tr V '(5)

sat

where L is the drain-source spacing, and Vsa t is the saturated velocity.

We find Ttr = 173 psec (assuming i = 3000 cm2 /V-sec and L = 15 vim). The

rf sensitivity below the cutoff frequency is

v-.A-h = Srf . (6)

Assuming a 30% quantum efficiency yields Srf = 0.069 mA/mW. This would

seem to imply that the FET detector is less sensitive than the PIN detec-

tor (or an APD with gain equal to 1). Using Figure 9, we find that the

FET is 10 to 15 dB less sensitive than the APD (0.2 to 0.3 mA/mW) at

f = 1.1 GHz. A factor of 10 less sensitivity could be partially explained

by two factors. First, the quantum efficiency of the APD may be higher.

For example, if T) = 0.6 for the APD, the sensitivity would be 10.6 mA/mW,

which is already 10 dB higher than the FET sensitivity. Second, it is

difficult to know if the FET and APD collect the same amount of light.

Since sensitivity is an absolute measurement, an error in the amount of

light collected could lead to a large discrepancy in the measured sensi-

tivity. If the FET is assumed to collect only 1/3 the light the APD col-

lects, then the agreement between theory and experiment is narrowed.

Thus, we feel the calculation agrees reasonably well with the experi-

ment. Furthermore, it is clear that to increase the rf sensitivity of

the device would require reducing the transit time of the FET. Our

experimental results suggest that it is possible to obtain sensitivities

of %0.6 mA/mW by decreasing the source-drain spacing to 1.5 pim. However,

that value is quite optimistic since much less light would necessarily

be collected at very narrow dimensions.

19



The last remaining problem is how to resolve the large dc response.

We have observed that the dc sensitivity S ranges from a minimum of 4 to0

12 mA/mW. The upper limit ranges from 14 to 42 mA/mW. These are very

large numbers which need further clarification as to their origin. One

possible explanation is to assume that there are hole-traps at the inter-

face between the GaAs and (GaA1)As layers and at the surface of the active

region. When electrons and holes are optically generated, the holes are

quickly captured by the traps and then are very slowly re-emitted

(governed by thermal generation). This effectively leads to a very long

recombination time for the electrons. On the other hand, there must be a

mechanism responsible for the high-frequency response. It appears that

the traps cannot respond at the rf frequencies used. Thus, the effective

rf lifetime of the traps must be relatively long compared to the operat-

ing frequency. The effective lifetime due to traps can be estimated using

Eq. 2 with n = 0.3 and S = 0.3 (T eff)/Ttr 14 to 42 mA/mW. This gives

Teff = 8 to 24 nsec. This would lead to a 3-dB cutoff frequency f3dB of

6.6 to 19.9 MHz. This implies a frequency response having two cutoff

frequencies. Such a frequency response is schematically shown in Figure 11.

9494-11
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t
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S rf
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Figure 11. Schematic of total FET frequency response.
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With respect to Figure 7, we discussed detected drain-source current

Al DS versus drain-source voltage VDS. Next we discuss the calculation

of such a curve. To calculate the effect of optical illumination on the

characteristics of the FET, we begin with the expression given by
3

Lehovec and Zuleog for the drain-source current IDS'

e2N2d3 W 3(u2 2 t2) - 2(u3 _ t3 (7)

DS 6 L2o li-z(u2 -t 2)

where

N is the carrier concentration in the channel

d is the active region thickness

P is the electron mobility (N-type channel, low field)

W is the device width

C is the relative dielectric constant

C is the dielectric constant in free space
0

L is the gate length

Vm

and

Vm  is the saturation velocity

Vp is the pinchoff voltage.

The factor z takes into account the velocity-saturation effects in short-

channel-length devices. In our calculations, we assume z 0. The

other factors in Eq. 7, u and t, are defined as

u2 .(VDs - VG - VBi)

2 (VG + VBi)
p

t V
p
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where VBi is the built-in voltage. We should further note that Eq. 7Bi 2
only applies for u < 1. This condition is met when I DS(V G ) is maximum.

For VDS greater than needed to produce I DS(VG)MA, the equations are

assumed to saturate.

When the FET is illuminated, carriers are generated in the active

region. The generated carriers can be expressed as a function of the

incident power P. (for low light levels) by

in
eAN = 'Pin '(8)

where %' is a constant that depends on the geometry of excitation and

the lifetime of the injected carriers. With optical illumination pres-

ent, the background carrier density changes to N + AN, and the detector

current becomes IDS + AIs. Eq. I can then be written as

IDS - Kf(u, t) (N + AN)2 (9)

where I' is with optical illumination

DS

K =
6E: L

0

f(u,t) = 3(u2 _ t) 2(u - t 3

If low-level injection is assumed, then AN will be much smaller than N,

and (N + AN)2 can be written as

(N + AN)2 _ N2 + 2NAN (10)

The photocurrent Al DS is given by

I

AlDS = 2KNAN f(u,t) . (11)

Eq. 11 can be rewritten as

21 V
AIDs = p al'Pin'f(u't)] (12)

22



where we have used:

= ed N iiW (the maximum channel current)

p 3L

V = eN 2(the pinchoff voltage.)
p 2c

Eq. 12 can be plotted as a function of gate voltage and compared to

experiment. In Figure 7, AIlD is plotted versus gate voltage. The

bracketed portion in Eq. 12 is fitted to the point V G= 0. In the figure,

plots have been made for two values of pinchoff voltage: V = 5 and 10 V.
p

The lower value is probably closest to the actual device value. However,

it does not fit the experimental results very well. The discrepancy

between calculated and experimental results is not yet well understood.

One known possibility exists for the discrepancy. We have assumed that

the generated carriers are independent of device parameters. However,

a large gate voltage could affect the number of carriers that reach the

drain. Thus, this effect should be included in our formulation.

23



SECTION 4

PLANS FOR THE NEXT QUARTER

During the additional qua-ter we will resume the short optical

pulse generation study. Up to now in the program we have generated

optical pulses less than 150 ps wide at a few gigahertz repetition

rates. However, we have not determined the ultimate limits of the

injection laser mode-locking approach. Problems such as the shortest

pulse width and the highest repetion rate achievable, the pulse shape,

and the pulse stability will be studied.

24



REFERENCES

1. T. Sugeta and Y. Mizushima, Jap. J. Appi. Phys. 19, L27 (1980).

2. M. DiDomenico, Jr. and 0. Svelto, Proceedings IEEE 52, 136 (1964).

3. K. Lehovec and R. Zuleeg, Solid State Electron. 13, 1415 (1970).

25


